Although indium (In) is not an abundant element, the use of indium is expected to grow, especially as applied to copper-indium-(gallium)-selenide (CI(G)S) solar cells. In future when CIGS solar cells will be used extensively, the available amount of indium could be a limiting factor, unless a synthetic technique of efficiently utilizing the element is developed. Current vacuum techniques inherently produce a significant loss of In during the synthetic process, while electrodeposition exploits nearly 100% of the In, with little loss of the material. Thus, an electrochemical process will be the method of choice to produce alloys of In once the proper conditions are designed. In this review, we examine the electrochemical processes of electrodeposition in the synthesis of indium alloys. We focus on the conditions under which alloys are electrodeposited and on the factors that can affect the composition or properties of alloys. The knowledge is to facilitate the development of electrochemical means of efficiently using this relatively rare element to synthesize valuable materials, for applications such as solar cells and light-emitting devices.
Introduction
Indium is a rare metal, and its concentration in the earth's crust is about 0.1 parts per million. Indium cannot be used as a structural metal due to its mechanical properties, but it is used for the production of alloys and semiconductors 1) . The physical, chemical, and electrochemical properties and behaviors of indium have been investigated in a number published reports, [1] [2] [3] [4] [5] [6] including our recent work.
7) The addition of indium improves the strength, hardness, corrosion resistance, and wettability of an alloy. Alloys containing indium are used as low-melting materials, glasssealing materials, and dental materials, among other uses. 8) Semiconductors containing indium are used in infrared detectors, magnetoresistors, optoelectronic materials, absorber materials for solar cells, etc.
9-20)
The current major application of indium is in the formation of transparent conducting materials (ITO, tindoped indium oxide). 21) In this review, we may use the term "alloys" to refer to both alloys and semiconducting materials.
Alloys containing indium can be classified as binary (AgIn, InBi, InP, InSe, etc.), ternary (GaInSb, CuInSe, etc.), quaternary (CuInGaSe (CIGS), CuInSSe, etc.), and quinary (CdGeSnZnIn, etc.) alloys. 1, 2) The current interest in indium is associated with chalcopyrite solar cells and CIGS solar cells in particular, that contain the element, due to their high efficiency and long-term stability. 20) In future when CIGS solar cells will be extensively used, the available amount of indium will be a limiting factor for the proliferation of the thinfilm solar cells, unless effective techniques, such as an electrodeposition, that are alternatives to vacuum techniques are fully developed to utilize the element.
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Thin films of alloys can be prepared using physical or chemical methods. Physical methods include thermal evaporation, 22, 23) sputtering, 24, 25) and pulsed laser deposition. 26) Chemical methods for the preparation of thin film alloys include approaches such as chemical vapor deposition, 27, 28) chemical bath deposition, 29) electrodeposition, 8, 29) and spray pyrolysis. 30, 31) Molecular-beam epitaxy (MBE) 32, 33) can be a physical or a chemical method, because the beam of materials can be generated by physical means or by chemical reactions. Among the methods used to grow thin alloy films of indium, an electrochemical approach may be superior, because unlike the other methods, it enables up to 98% of the material to be effectively used.
29)
Cathodic deposition of different elements for the formation of alloys from aqueous electrolytes is a process that has been known for a long time. 29, 34) When electrodeposition is performed in aqueous solutions, it may be simpler and cost less than thermal deposition. The electrodeposition of an alloy is carried out through the codeposition or sequential deposition of two or more elementary ion species. 9, 20, 35) For the preparation of thin film alloys by electrodeposition, a number of variables must be considered, such as the electrolyte, the electrodes, the applied potential or current, and the additive used. The electrolyte or bath consists of the ions to be electrodeposited. Metal ions are deposited on the cathode from the aqueous solution, and the counter-ion (mostly anion) in the solution is also important for its interaction or its ability to form a complex with a metal ion. Depending on the purpose of the alloy film, a suitable electrode substrate on which the electrodeposition takes place must be determined. Electrical energy can be supplied through direct current at a constant potential, direct current at a constant current, or a current or potential waveform or pulse. An additive is sometimes included in the bath to bring closer the deposition potentials of individual elements or to improve the quality of the electrodeposits. In most cases of alloy preparation by electrodeposition, post-deposition treatment might be considered. Heat treatment, as a post-deposition treatment, is performed in a vacuum, under inert gas, or in elementary vapors.
9)
In the preparation of alloys, the first thing to consider is the definite ratio of the component elements in the alloy. It is known that the factors that determine the possibility of joint electrochemical deposition of two or more elements at a certain ratio in an alloy are the following: the equilibrium potentials of the metals and nonmetallic compounds, their polarizations during the discharge of the corresponding ions at the cathode from a given electrolyte, the concentration ratio of metal ions and nonmetallic anions being deposited in the electrolyte, their ability to form complex compounds, the presence of surfactants in the electrolyte, overvoltage of the hydrogen evolution during deposition of the alloy, the electrolysis conditions (temperature, current density, pH of the solution, deposition time, stirring), etc.
36)
In this work, we review electrochemically fabricated alloys and semiconductors that contain indium in an aqueous solution, with a particular focus on the conditions under which alloys are electrodeposited and on the factors that can affect the composition or properties of alloys. Our aim is to assist in the discovery of ways to use this relatively rare element efficiently. The most recent review on the subject was published in 1981, 8) and here, we provide an update on this topic.
Preparation
Potentiostatic deposition
The electrodeposition of alloys can take place through either the codeposition (one-step) or sequential (multi-step) deposition of the individual components in the alloys. In any case, prior to electrodeposition, the standard electrode potential of each ion involved in the electrochemical processes must be considered. In the codeposition of alloys, the ratio of components depends on the applied potential. The standard reduction potentials of the elements included in alloys that is reviewed here are listed in Table 1 .
37)
The codeposition of metal alloys can be carried out from a solution containing component ions at the deposition potential of the less noble component. However, interactions between the components in the deposition usually shift the deposition potential of the alloy to those values that are positive relative to the deposition potential of the less noble component. 34) In some cases, e.g., for Ni and Sn alloys, the deposition potential is positive even relative to that of the noble component. 38) Because nonmetals such as S and Se, and semimetals such as As, Sb, and Te can be deposited cathodically from solutions of complex ions or molecules, cathodic codeposition of one of these elements and of metallic elements may also be possi-ble. 29, [39] [40] [41] In the electrodeposition of an alloy in which one elementary component is much nobler than the other, a complexing agent must be added in order to equalize the deposition potentials. Acetate, citrate, tartrate, cyanide, EDTA (ethylenediamine tetraacetic acid), triethanolamine, and CTAB (cetyltrimethylammonium bromide) are used as complexing agents.
8)
2.1.1. One-step deposition One-step deposition is to prepare alloy films by simultaneous electrodeposition of constituent elements in solutions containing all the components of the alloy. In order to choose the constant deposition potential, a number of factors such as the standard reduction potentials of component ions, the interaction between the components, the hydrogen evolution, and the polarization characteristics of the bath have to be considered.
9)
2.1.1.1. Binary alloys Saidman et al. studied the electrodeposition of In and of Zn on aluminum 43) and vitreous carbon 44) under potentiostatic conditions. They investigated the effects of the substrate and of agitation on the electrodeposition of In and of Zn. For the deposition on Al at −1.5 V vs. SCE for 10 min without agitation, indium-rich deposits were obtained, while with agitation, Zn-rich deposits were obtained. They concluded that the deposition of indium on freshly nucleated Zn was favored at a high cathodic potential without agitation, which indicated the Zn catalytic effect. When deposition was carried out on vitreous carbon at −1.2 V vs. SCE for 10 min under stagnant conditions, the deposition of indium hydroxide was favored, due to the localized alkalization by the hydrogen evolution reaction, and deposits with the same atomic percentage of In and Zn were attained. However, processes involving the codeposition of Zn and In on both Al and vitreous carbon occurred without the formation of alloys or intermetallic compounds, by the interaction of Zn and In.
Ortega and Herrero 41) studied the electrodeposition of InAs thin films from solutions containing 0.02 M AsCl 3 , 0.02 M InCl 3 , and 0.3 M citric acid at −1.40 V vs. SCE. They reported that arsenic was formed from the chemical interaction between the AsH 3 formed on the cathode and the HAsO 2 contained in the solution, as follows:
During the electrodeposition of the InAs layers, photoelectrochemical activity was observed, and the InAs layers prepared in this study displayed low crystallinity.
Dalchiele et al. performed the codeposition of InAs alloy films from an acidic solution with a pH of 2 containing NaAsO 2 , In 2 (SO 4 ) 3 , potassium citrate, and 45) The indium content of the deposited film depended on the applied potential and the indium concentration of the bath solution.
InSb thin films were prepared by electrodeposition from a bath containing SbCl 3 , InCl 3 , and citric acid 41, 46) or a bath of SbCl 3 , InCl 3 , citric acid, and citrate. 47, 48) Electrodepositions of InSb were carried out at potentials of −0.65 to −1.55 V vs. SCE and at room temperature. Ortega and Herrero 41) obtained the polycrystalline fcc InSb that was free of In and Sb phases at −0.85 V vs. SCE. McChesney et al. 46) reported that InSb electrodeposits (−0.6 to −1.2 V vs. Ag/AgCl) were grown that had an excess of either In (at −1.2 V) or Sb (at −0.6 V), and that mixtures of In, Sb, and InSb grown on Ti substrates indicated the presence of kinetic barriers to the formation of InSb. Fulop et al. 47) prepared polycrystalline InSb films with thicknesses in the micron range at a potential of −1.2 V vs. Ag/ AgCl. A molar ratio of In 3+ to Sb 3+ of 1.5±0.1 in the electrolyte yielded a deposit with an atomic ratio of In to Sb of 1.0±0.1. Khan et al. 48) reported the fabrication of InSb nanowire arrays with diameters of 200 nm and 30 nm by electrodeposition at −1.5 V vs. Ag/AgCl inside the nanochannels of Au-sputtered anodic alumina membranes (AAM).
InSe thin films were deposited from acidic aqueous solutions containing In 3+ and SeO 2 (or H 2 SeO 3 ) at potentials that ranged from −0.8 to −1.35 V vs. SCE [49] [50] [51] [52] [53] [54] [55] . The indium ions were from chloride 49, 50, 54, 55) or sulfate [51] [52] [53] salts. In the deposition of InSe, the pH of the bath solution was below 1. , and citrate, with a pH of 2 at a potential of −1.6 V vs. MSE for 45 min. They reported that the CuIn electrodeposition proceeded predominantly through the formation of binary phases, such as Cu 2 In and CuIn, and that the CuIn deposit was Table 2 .
A CuInSe 2 -based p-n junction was deposited from a single aqueous solution using a step function potential by Raffaelle et al. 113) CIS film was grown on an ITO glass substrate or a molybdenum substrate in a bath containing CuSO 4 , In 2 (SO 4 ) 3 , SeO 2 , and sodium citrate. A 1.0 mm film was deposited at −1.0 V vs. SCE, after which the potential was immediately changed to −1.3 V vs. SCE prior to depositing a 0.1 mm film on the first CIS film. The films deposited at potentials less negative than −1.2 V vs. SCE seemed to be ptype, and those deposited at more negative potentials seemed to be n-type.
Firstly, CuInS 2 thin films could be electrodeposited in a one-step process without the usual heat treatment in an H 2 S atmosphere. In the codeposition of CuInS 2 thin films, thiourea or sodium thiosulfate (Na 2 S 2 O 3 ) was used as the sulfur source. 40, 56, 92, 93) In the electrodeposition of Cu 2 S from an acidic solution containing CuSO 4 and Na 2 S 2 O 3 , 94) thiosulfate ions worked not only as the source of sulfur but also as a reducing agent. When the pH is below around 4.4, the decomposition of S 2 ions is known to form S and HSO 3 − through the following reaction:
where S is colloidal sulfur. The colloidal sulfur is consumed to form sulfide through the subsequent electrochemical reaction:
The total reaction is as follows: (6) In this study, Cu 2 S was formed because Na 2 S 2 O 3 , functioning as a reducing agent, reduced the Cu 2+ ion to Cu + ion. A deposited CuInS 2 film produced from a solution of S 2 was found to have a sufficiently high sulfur content as compared to a film deposited using thiourea as the sulfur source.
93) The film deposited using Na 2 S 2 O 3 was also found to have an excellent morphology as compared with the electrodeposited Cu-In precursors with a waste thread-like morphology that did not change after annealing in an H 2 S flow. The pH of the solutions was less than 3 in both cases. 
97)
Thin films of another photovoltaic material, CIGS, were deposited potentiostatically, as listed in Table 4 . SeO 2 or H 2 SeO 3 was used as the source of selenium.
Diaz et al. produced CuInSeTe thin films by electrodeposition onto Mo-coated glass substrates and ITO glass substrates.
106) The composition of the bath solution consisted of aqueous solutions of CuSO 4 , InCl 3 , H 2 SeO 3 , TeCl 4 , and 0.5 M citric acid. The best condition for a near stoichiometric composition was a constant deposition potential of −0.5 V vs. SCE for a time greater than 4000 s. The electrodeposited samples were amorphous; however, samples changed to the crystalline quaternary phases by annealing in a Te atmosphere.
Multi-step deposition
Multi-step deposition, which involves sequential depositions of constituent elements in the alloy, can be employed for the preparation of metal alloy. In most cases, a multi-layered alloy film needs thermal treatment to improve its morphology or physical properties. 96) and InSb 107, 108) performed by sequential electrodeposition have been reported. The electrodeposition of indium was performed onto electrodeposited arsenic or antimony layers, because the loss of deposited group V element was severe during the annealing treatment when they constituted the outer layer.
Binary alloys Depositions of InAs
In the preparation of InAs thin films, the arsenic layers were deposited from 5 wt% solutions of As 107,108) The indium was deposited on an Sb film from a chloride bath containing InCl 3 with a pH ranging from 1.5 to 2.0 at −0.85 V vs. SCE.
Tacconi and Rajeshwar described the electrosynthesis of In 2 S 3 film on a sulfur-modified gold substrate.
109) Their approach was as follows: (a) a polycrystalline gold surface was first modified potentiostatically with a sulfur layer in a sulfide-containing bath, (b) in an indium-ion-containing bath, indium was plated onto a sulfur-modified gold substrate by means of underpotential deposition, thus forming indium sulfide, (c) indium continued to be deposited atop the indium sulfide layer in an indium-ion-containing bath, and (d) the sulfidation of the residual indium metal was performed in a sulfide-containing bath. As a result, they were able to observe the anodic formation of the sulfur layer on the polycrystalline gold surface at potentials more positive than −0.40 V, the initial formation of indium sulfide at approximately −0.75 V vs. Ag/AgCl/3M KCl, and catalyzed deposition of metallic indium atop the initial indium sulfide layer at approximately −0.70 V.
Herrero 68, 110) prepared In 2 Se 3 thin films via the electrodeposition of selenium and the successive electrodeposition of indium onto Se deposits. The electrodeposition of selenium was carried out from an o C in order to avoid the formation of non-conducting red amorphous selenium where it is possible to obtain metallic gray-black Se. They performed the electrodeposition of indium over Se deposits from solutions containing InCl 3 , ethanolamine, and NH 3 at a potential of −1.1 V vs. SCE and at a pH of 2.
Stickney et al. reported the deposition of InAs and InSb films through ECALE (electrochemical atomic layer epitaxy) at room temperature.
111,112) ECALE, which is based on surface limited reactions, involves using underpotential deposits to form an individual atomic layer of the elements making up a compound. Different solutions and potentials are used for each element, and they are alternated in a cycle. The cycle is repeated to achieve the desired deposit thickness. The deposition of InAs was performed on a Si(100)/ Ti/Au substrate.
111) An As 2 O 3 solution with a pH of 4.8, buffered with sodium acetate; an In 2 O 3 solution with a pH of 3.0; and a blank solution with a pH of 3.0 were used for the deposition of InAs. The supporting electrolyte was NaClO 4 . The deposition cycle used was as follows: arsenic deposition at −0.615 V vs. Ag/ AgCl for 20 s, a switch to −0.715 V to deposit indium for 20 s, a switch to −0.615 V for arsenic deposition, and so on. InSb thin films were electrodeposited on an Au-coated glass electrode.
112) The following solutions were used: an In 2 (SO 4 ) 3 solution with a pH of 3.0 and an Sb 2 O 3 solution with a pH of 5.0. For Sb deposits, initial potentials of between −0.400 and −0.500 V were selected, along with an In potential similar to the In potential that had been used to deposit InAs.
111) The potentials were shifted negatively each step for the first 25 cycles before the steady state potentials were reached and the contact potential was established. Thus the intricate control of pH and electrolyte was required. C. In the preparation of InAs 1−x Sb x thin films, the high volatility and the low electrical conductivity of the arsenic did not hinder the electrochemical or thermal steps.
Successive layers in a InGaSb sample 107) were deposited in the following order: Sb, In, and Ga. Antimony was deposited from a solution of SbCl 3 , H 2 SO 4 , and HCl, and then, indium was deposited from a bath containing InCl 3 and KCl at −0.85 V vs. SCE, at room temperature under stirring. Finally, gallium was deposited at −2.00 V vs. SCE from a solution of GaCl 3 and KOH at 47 o C. In the deposited InGaSb, the amount of Ga + In (in moles) was equal to that of Sb.
CuInSe 2 thin film was formed by the sequential electrodeposition of Cu and In-Se.
114) A Cu layer on a Mo substrate was electrodeposited from a copper sulfate solution, 115) followed by an In-Se layer from a solution of indium sulfate and selenious acid.
110)
CuInSe 2 alloy films on ITO substrates were formed by sequential deposition and thermal treatment.
116)
The deposition of CuIn films was carried out from an aqueous solution of CuSO 4 and In 2 (SO 4 ) 3 at a constant applied potential of −0.75 V vs. Ag/AgCl. For the deposition of the Se layer on the previously prepared CuIn alloy film, a constant potential of −0.6 V was applied and an aqueous solution of H 2 SeO 3 was used.
Friedfeld et al. 117) prepared CuIn x Ga 1−x Se 2 (CIGS) polycrystalline thin films using a two-step electrodeposition process that involved the electrodeposition of a CuGa precursor film on a molybdenum substrate, followed by the electrodeposition of a CuInSe thin film. The deposition of CuGa films was carried out from a solution containing CuSO 4 , Ga 2 (SO 4 ) 3 , and NaOH at −1.95 V vs. SCE for 2 min using a 500 rpm rotating disk electrode. This CuGa precursor film was coated with a CuInSe overlayer film in a bath containing CuSO 4 , In 2 (SO 4 ) 3 , SeO 2 , and sodium citrate at a potential of −1.2 V vs. SCE for 5 or 10 min. The resulting films showed good crystallinity.
The fabrication of CIGS layers using a two-step electrodeposition process was reported by R.N. Bhattacharya. 101) This study indicated that Cu-rich CIGS thin film was electrodeposited first, followed by the electrodeposition of In-Se thin film. The first layer of Cu-rich CIGS thin film was electrodeposited onto an Mo-coated glass substrate from CuCl 2 , InCl 3 , GaCl 3 , H 2 SeO 3 , and LiCl dissolved in a pH 3 buffer solution at a constant potential of −1.0 V (vs. Pt pseudoreference). The subsequent second layer of the InSe thin film was electrodeposited from a solution mixture of In 2 (SO 4 ) 3 , sulfamic acid, and LiCl. After annealing in a Se atmosphere, the film composition was Cu 0. 97 , and the indium contents of the alloys were 1-60%. The codepositions of InSn alloys from a sulfate solution with cetyltrimethylammonium bromide (CTAB), an acidic fluoborate solution, and perchlorate-cellosolve solutions were carried out at current densities of 1-5 A dm . AgIn alloys were codeposited at current densities of 0.3, 0.5, and 1.5 A dm −2 . InNi alloys with In contents of 13-87% were electrodeposited at a current density of 2 A dm −2
. When the InZn alloy was deposited in an ammonium tartrate solution at current densities of 0.5-1.0 A dm −2 , the alloy behaved as if it were a heterogeneous mixture. InSb alloys were produced from tartrate solutions or from solutions to which polyethylene-polyamine (PEPA) was added at current densities that ranged from 0.5 to 6.0 A dm −2 . For the deposition of alloys containing indium, complexing was essential in order to equalize the deposition potentials.
Vinogradov et al. 42) studied the electrochemical deposition of InPd. The polarization curves of InPd alloy showed a current maximum at a potential between −0.6 and −0.7 V vs. SHE. InPd alloy depositions were carried out using electrolytes of Pd
, ammonium sulfate, monosodium citrate, ammonium chloride and saccharin in current densities of 50 to 150 A m −2 at a pH of 8.5 to 9.5, and at 20 o C. Alloys with constant indium contents of 20% were deposited. Dobrovolska et al. 120, 121) performed the electrodeposition of AgIn alloys under galvanostatic conditions. For the galvanostatic electrodeposition of AgIn, the current densities were between 0.2 and 1.1 A dm −2 . The increase in current density led to an increase in indium content in the alloy, which led to the formation of Ag 3 In, Ag 9 In 4 , and AgIn 2 phases that were richer in indium.
Peristaya et al. studied the galvanostatic electrodeposition of InCd alloy. InCd alloys were deposited from a chloride-sulfate solution with tartrate, polyacrylamide, and ammonia; 122) and from a sulfate acidic solution containing surfactants. 123) In a chloride-sulfate solution, the alloy should be deposited at a pH of 2.5-3.0, at room temperature, and at a current density of 0.75-1.0 A dm
. In a sulfate solution with surfactants, the deposition was carried out at room temperature and at a cathodic current density of 1 to 1.25 A dm −2 . They showed that the ratio of the metal content in the InCd alloy depended on the ratio of the metal ion content in the solution, the current density, the temperature, the pH, and the surfactant used. The dependence of the metal content ratio in the alloy on that in the bath (with surfactants) fitted the AkhumovRosen equation:
Indium-thallium alloys were deposited galvanostatically from an aqueous sulfate solution by Sadana, 124) who studied the effects of current density and temperature on the composition and appearance of the alloy deposits. InTl alloys containing up to 84.1% indium were electrodeposited from five different solutions in which the total metal content (In + Tl) was kept constant. The current density was varied from 1.0 to 32.0 A dm −2 . An increase in current density decreased the percentage of Tl in the deposit. At a current density of 8.0 A dm −2 , an increase in temperature decreased the percentage of indium in the deposit, but at a current density greater than the limiting current density, the effect of temperature on the composition of the alloy deposit was not significant.
Perelygin et al. 125) reported the electrodeposition of InPb alloys from an acetic electrolyte containing a surfactant. The alloys were deposited at a current density of 0.5 A dm 
127) The plating baths for codeposition were prepared by mixing Sb
3+
, In 3+ , citric acid, and potassium citrate. The effect of the current density on the deposit composition was studied.
With an increase in current density, the percentage of antimony in the deposit first decreased, and then remained constant (> 6.0 A dm
−2
). The initial decrease in the percentage of antimony in the deposit became more pronounced with an increase in the indium concentration of the electrolyte.
Sadana and Wang 128) showed that InBi alloys could be obtained from aqueous solutions with a pH of 1. , the composition of the deposit remained constant. As the current density increased, the percentage of indium in the deposit increased. Xray analysis of the original and annealed deposits showed the existence of two intermediate phases. The first was InBi, while the second was assumed to be In 3 Bi as a new intermediate phase.
128)
Igasaki and Fufiwara 50) prepared InSe films via galvanostatic deposition. The plating bath for the deposition of InSe alloy consisted of an aqueous solution containing InCl 3 and SeO 2 . Electrodepositions of InSe alloys were carried out in a constant current range from 3 to 30 mA cm −2 at 25 o C and a pH of 1. For the deposition of homogeneous InSe films, this study found that a current density of 20 mA cm −2 was most suitable. Aksu et al. 129) studied the electrochemical codeposition of InSe thin films from solutions containing indium chloride, selenious acid, and tartrate as a complexing agent. The In/Se ratio in the deposit layer was 2/3 when deposition was performed in a solution of 0.05 M In 3+ and 0.1 M Se 4+ at a current density of 10 mA cm −2 and a pH of 11.5. The selenium ratios in the alloy films increased with a higher selenium concentration in the solution, a lower pH, and lower current densities.
Herrero and Ortega
115) prepared CuIn alloys for the formation of CuInS 2 . In the plating bath for codeposition, CuSO 4 , In 2 (SO 4 ) 3 , and citric acid were mixed. The results of the codepositions showed that stoichiometric deposits (CuIn) were obtained with a 0.7 Cu/In ratio in solution at a current density of 7 mA cm o C, and a pH of 13.4-13.6. The bath solutions were stirred during electroplating. The deposited alloys contained 79-81% copper and 19-21% indium. According to this study, the main parameters determining the color and quality of the deposit were the cathodic current density and the concentration of In 2 (SO 4 ) 3 . 64) The mechanism involved the concurrent formation of Cu 2−x Se, then its subsequent reduction, coupled with the reduction of H 2 SeO 3 to H 2 Se, and finally the underpotential assimilation of In 3+ into the solid phase, leading to CuInSe 2 . The following reaction is a general representation of the mechanism for the deposition of CuInSe 2 .
(9)
Thin films of copper indium sulfoselenide (CuInS x Se 2−x ) were prepared using the galvanostatic deposition technique by Garg et al.
133) The electrolyte bath mixture consisted of 10 mL CuCl (2.5 mM), 10 mL InCl 3 (16 mM), 10 mL citric acid (0.25 M), 10 mL sodium selenosulfate (Na 2 O 3 SSe, 2 mM), 10 mL (Na 2 S 2 O 3 ), and 10 mL NH 4 OH. The pH level of the bath solution was greater than 9. Electrodeposition onto ITO glass substrates was carried out for 15 min in a galvanostatic mode in an unstirred solution at room temperature. They obtained indium-rich CuInS x Se 2−x films at a current density of ~1.0 mA cm 134) prepared CuIn films using a sequential electrodeposition technique for CuInSe 2 formation. They performed the electrodeposition of copper before the deposition of indium, due to the reaction of indium with copper in the plating solution. The electroplating of Cu was carried out from a sulfuric acid solution of copper sulfate at a current density of 50-75 mA cm . Huang et al. 135) reported the electrodeposition of indium on copper in an acidic sulfate solution. In their study, a copper layer was plated on the PVD Cu seed prior to the indium electrodeposition. One of two Cu plating solutions was used to electroplate the Cu underlayer: (1) a citrate copper solution with a pH of 5.6 containing 75 mM CuSO 4 and 0.25 M sodium citrate, and (2) a typical commercial damascene copper chemistry that contained 0.6 M CuSO 4 , 0.1 M H 2 SO 4 , 1.4 mM HCl, along with a suppressor (polyethylene glycol, PEG) and an accelerator (bis(sodium-sulfopropyl) disulfide, SPS).
136) The Cu layers were electroplated from the citrate chemistry at a current density of −5 mA cm . A natural solution with a pH of about 2.4 was used. According to their conclusions, the room temperature alloy formation promoted the conformal deposition of a few monolayers of alloy, and the rapid interdiffusion between Cu and In further extended this alloy formation to a thicker layer, and delayed the typical island formation-growth phenomenon.
InSb intermetallic compounds were formed by the galvanostatic electrodeposition of indium onto antimony-deposited Fe substrates as cathodes.
137) The antimony-deposited Fe substrate, either crystalline or amorphous, was prepared by galvanostatic electrodeposition from an aqueous solution containing 0. . The influence of the type of antimony substrate on the diffusion and reaction process of an electrodeposited indium overlayer was investigated.
Ternary and quaternary alloys
CuIn and CuInGa thin films were prepared via the galvanostatic deposition of metallic components.
138)
First, a layer of copper was deposited onto an Mosputtered glass plate from an acidic aqueous solution of CuSO 4 at room temperature. A layer of indium was 
Deposition onto a metal substrate that is one component of an alloy
Kozlov et al. reported that InSb intermetallic compounds were formed by the galvanostatic deposition of indium onto an antimony metal substrate.
140) The bath condition for the indium deposition and the galvanostatic deposition condition were the same as that described in ref. 137 .
Canegallo et al. [141] [142] [143] studied indium electrodeposition on bismuth cathodes at a constant current density and at a temperature of o C, which gave rise to the formation of three intermetallic compounds. The bath solution was an aqueous solution of 0.67 N InCl 3 and pH 1.3. Two wires made of indium were used as the anode and the reference electrode. Experiments were carried out at current densities ranging from 2.4 to 21.6 A m −2 and with deposition times ranging from 1.2 to 8.3 h.
Potential or current pulse deposition
Sonu and O'Keefe 145) prepared indium-thallium alloys, which are known as shape memory alloys. InTl alloys in the range of 15-38 at% Tl were electrodeposited from a sulfate electrolyte using a pulsed current. To obtain alloys of different composition, changes were made in various pulse parameters, such as the peak current density, pulse frequency, and duty cycle. Uniform, dense alloy deposits with the desired thallium content could be produced by using a peak current density of 10-40 mA cm −2 , with 10 ms as the on time, and a duty cycle of about 30% at room temperature. In pulse electrodeposition, the pulse period, T, is the sum of the on-time and off-time (T = t on + t off ), and the duty cycle, θ, is the ratio of the on-time to the pulse period (θ = t on /(t on +t off ) × 100%. Deformed InTl alloys with a 21-28 at% Tl composition at 25 o C recovered their original shape upon heating.
Yang et al. 12) fabricated InSb nanowire arrays by pulsed electrodeposition. The deposition was performed into an Au-sputtered anodic alumina membrane (AAM) from an electrolyte solution with a pH of 2.2 that contained InCl 3 , SbCl 3 , and citric acid at 20 o C, at a potential of V on = −2.1 V. It was found that the InSb alloys had a zinc-blende structure and were single-crystalline.
Electrodeposition of CIGS films on an Mo/glass substrate was performed at room temperature without stirring.
146) The electrolyte bath contained 3 mM CuCl 2 , 10 mM InCl 3 , 10 mM GaCl 3 , 8 mM H 2 SeO 3 , and 60 mM sodium sulfamate as a complexing agent. The pH of the solution was 2.10-2.20. The deposition of the CIGS films was carried out with a square-pulse potential, where the nonpulse potential was constant at 0.0 V vs. SCE and the pulse potential was constant at −0.6 V. The pulse period, T, was 3 s, and the duty cycle, θ, varied from 33 to 100%. The deposition time was 60 min.
Vertically aligned arrays of CuInSe 2 nanowires of controllable diameter and length were synthesized by pulse cathodic electrodeposition from an acidic solution into anodized alumina (AAO) templates, followed by annealing at 220 o C in a vacuum.
147) The bath solution was a mixture of 1.5 mM CuSO 4 , 2 mM In 2 (SO 4 ) 3 , 3.5 mM H 2 SeO 3 , and LiCl, in an aqueous buffer solution (pH 2.8) containing potassium hydrogen phthalate and HCl. The optimized pulse waveform with a pulse time of t on = 0.3 s at a potential V on = −1 V (w.r.t. platinum counter electrode) and a discharge time of t off = 2 s at V off = 0 V yielded dense and compact CIS nanowires.
Sequential electrodeposition under potentiostatic and galvanostatic conditions
CuIn alloys were deposited by sequential electrodeposition. . In this deposition, the formation of intermetallic Cu 7 In 4 was observed.
Heat treatment with gaseous nonmetallic compounds or elementary nonmetal vapors
In-P, In-S, and In-Se layers were obtained by annealing indium-deposited substrates in gaseous element flows. The electrodepositions onto Ti substrates of In were performed from In 2 (SO 4 ) 3 solutions at a constant potential of −1.4 V vs. SCE 118) and −1.0 V vs. SCE.
119) Thin InP layers were prepared by the electrodeposition of In films onto Ti substrates followed by annealing in a PH 3 flow. H 2 S(Se) + Ar, 56, 138) or under an elementary S(Se) atmosphere. 59, 97, 104) Annealed CIS or CIGS films have also been etched in KCN solution in order to remove CuS phases.
59)
Electrochemical and photochemical deposition
Rabchynski et al. 144) prepared In 2 Se 3 nanoparticles via the illumination of an Se electrode in an acidic aqueous In 3+ solution. Selenium film was galvanostatically deposited onto Au in an aqueous solution containing 5 M SeO 2 and 9 M H 2 SO 4 at a current density of 1 mA cm −2 at 95±2 o C. In 2 Se 3 particles were prepared via the illumination of an Se electrode in a solution of In(NO 3 ) 3 in 0.1 M HNO 3 at a potential of −0.2 V vs. Ag/AgCl, at 18±2 o C. To prevent bulk indium deposition, the applied potential was more positive than the equilibrium potential E In(III)/In(0) . In an acidic In 3+ solution with a concentration lower than 0.01 M, the illumination of an Se electrode for 5-7 min at the cathodic potential (−0.2 V vs. Ag/AgCl) resulted in the formation of an orange turbid colloidal solution.
The In 2 Se 3 particles were not uniformly distributed in size, and the majority of the particles had sizes from 40 to 80 nm and shapes that were mainly spherical. The colloid of In 2 Se 3 was stable for 12-18 h, and thereafter, sedimentation was observed.
Additives
A complexing agent (complexant) that forms a complex ion with one of the discharging metal ions is known to change the deposition potential. Let us assume a complexing ion X p− that is present in the bath is complexed with an ionic species, M z+ , as follows: (10) Its reduction equilibrium potential is then shifted according to the Nernst equation (11) where k* is the stability constant of the complex, and and are the activities of and X p− , respectively. A complexant helps in bringing the deposition potentials of two or more species near to one another for codeposition. An example of codeposition using a complexant is that of CuInSe 2 , for which thiocyanate ion (SCN − ) was used.
148-150)
Kemell et al. showed that the use of SCN − as a complexing agent shifted the reduction potential of the Cu + ion to a more negative value; however, the effects of SCN -on the reduction potentials of In 3+ and Se 4+ were not significant. They confirmed that the formation of CuInSe 2 proceeded via the codeposition mechanism that was induced at more positive potentials than those at which Cu + or In 3+ alone was reduced. The reaction seemed to proceed via Cu 2−x Se formation because no In y Se compounds could be deposited in the potential range in which CuInSe 2 formation was observed. They suggested that the formation of CuInSe 2 might proceed according to one of the following reactions:
The mechanisms involving H 2 Se (Eq. 9)
132) seemed to be impossible under the SCN − bath condition because the stoichiometric potential region for CuInSe 2 formation extended to such positive potentials at which H 2 Se formation was quite unlikely.
The potentiostatic deposition of a ternary CuInSe system was investigated by Ganchev et al. 61) Electrodeposition onto an ITO glass was carried out from an aqueous solution containing 2.75 mM CuCl, 1.3 mM In 2 (SO 4 ) 3 , 3 mM SeO 2 , and 4 M KSCN in a potential range of −0.7 V to −1 V vs. SCE. The results showed that thiocyanate ions could be used as a suitable complexing agent. The stability constants for the complex formation of Cu + and In 3+ ions with SCN − ions are listed in Table 5 . Ishizaki et al. examined the effect of complex forming reagents, citric acid, and EDTA for the codeposition of CuIn.
130) The experimental results were as follows:
When citric acid or EDTA was added, the deposition potentials for Cu and In shifted toward more negative potentials and their limiting current densities were reduced.
Stoichiometric CuIn alloys were deposited from solutions containing citric acid at lower current densities as compared to the solutions of EDTA.
The electrodeposition of Ag-In alloy from a cyanide electrolyte with D(+)-glucose was studied.
121) The cathodic depositions of Ag, In, and Ag-In alloy onto platinum sheets in the cyanide electrolyte occurred at potentials of −970 mV, −1970 mV, and −1170 mV vs. Ag/AgCl, respectively.
Whang et al. studied the influence of complexing agents on the reduction potentials for the one-step electrodeposition of CuInSe 2 . 151,152) They analyzed cyclic voltammograms of individual metal ions and mixtures of Cu 2+ , In 3+ , and Se 4+ , using triethanolamine and citrate as complexing agents, and without any complexing agent. They concluded that the application of citrate as a complexing agent in the electrodeposition of CuInSe 2 provided a feasible environment. Citrate shifted the deposition potential of the copper ion in a negative direction that was closer to that of the indium ion and promoted the formation of crystalline films of CuInSe 2 .
Solorza-Feria et al. investigated the effect of citrate ion concentration on the photoresponse of p-CuInSe 2 that was electrodeposited from citrate complexes.
80)
The best photocurrent was obtained from thin films that were electrodeposited using 0.06 M sodium citrate. CuInSeTe Citrate
106)
Cu(In,Ga) (S,Se) 2 Sulfamate
104)
Walsh and Gabe 8) showed that various complexing agents have been used for the galvanostatic deposition of indium alloys. For the electrodeposition of indium alloys including CI(G)S films, among the possible complexing agents, carboxylates such as citrate and tartrate anions, show some advantages over other agents. They form complexes with both indium and copper, which are not toxic or hazardous, and they can be used to buffer the pH solution.
66) These agents for the electrodepositions of indium alloys are listed in Table 6 .
In Table 6 , the term "citrate" as a complexing agent indicates "citric acid and/or citrate."
Substrates
For the electrodeposition of alloys and semiconductors containing indium, a variety of cathodic substrates can be used, depending on the purpose of the thin films. For metallic alloys, metallic plates are mainly used, and conducting glass substrates are used for the absorber layers of photovoltaic cells such as CIS and CIGS. Electrode materials sometimes have an influence on the properties of alloy thin films.
Bhattacharya and Rajeshwar 60) prepared CuInSe 2 thin films on ITO and Mo substrates, which yielded different composite films. The atomic ratios of Cu/In/ Se were 31.31:20.02:48.67 for an ITO substrate, and 22.38:22.98:54.64 for a Mo substrate. The researchers attributed the difference in the compositions for ITO and Mo to the different overpotentials on the substrates' surfaces.
The influence of the substrate on the orientation and surface morphology of CuInSe 2 was reported by Gujar et al. 153) For the deposition of CuInSe 2 thin films, aqueous solutions of CuSO 4 , In 2 (SO 4 ) 3 , and H 2 SeO 3 were combined together in a 1:1:1 ratio. The solution pH was maintained at 1.5-2.0. The electrodeposition of CuInSe 2 thin films was carried out on tin-doped indium oxide (ITO), fluorine-doped tin oxide (FTO), Ni, Mo, and stainless steel (SS) substrates at constant potentials ranging from −600 to −1000 mV vs. Ag/ AgCl for 20 min without stirring. No significant change in orientation or in the crystalline nature of the CuInSe 2 films was observed for different substrates, but a slight change in the crystallite size and surface morphology of the CuInSe 2 films as a function of the substrate was observed. The CuInSe 2 film on the ITO substrate exhibited clustering of nuclei that were of a uniform size and were cauliflower-shaped. The CuInSe 2 film on the FTO substrate showed larger particles that were cauliflower-shaped. The grain size on the Ni and SS substrates was smaller than those on the ITO and FTO substrates. The films on Ni and SS were very compact, and nanograin-like morphologies were observed on the Ni and SS.
The differences between the electrodepositions on Cu(In,Ga)(S,Se) 2 Mo-coated glass 104) the different type of substrates are mainly due to the different overpotentials at their surfaces. The cathodic electrode substrates used for the electrodeposition of In alloy thin films are shown in Table 7 .
Post treatment
As-grown electrodeposited films require thermal treatment to improve their physical properties. De Silva et al. 86) showed that CuInSe 2 material became more crystalline with an increase in the annealing temperature up to 350 For the electrodeposition of In alloys that contain Se, such as InSe, CIS, and CIGS, the as-grown films showed a small excess of elemental selenium. Heat treatment removed the excess Se and improved the crystallinity and the optoelectronic properties of the materials.
51)
Herrero and Ortega 110) prepared In 2 Se 3 thin films via the sequential electrodeposition of selenium and indium. In 2 Se 3 thin films obtained from subsequent thermal treatment at 500 o C showed a photovoltaic response, and they were identified as having a bIn 2 Se 3 crystallographic phase, by X-ray diffraction. The films that were annealed at 600 o C showed no photoactivity.
Deposited CIS or CIGS films are annealed in a vacuum, Ar (N 2 ), or the gaseous elements in alloys at 400-600 o C, and annealed films are sometimes etched in KCN solution to remove the CuSe(S). Pern et al. Guillemoles et al. [74] [75] [76] investigated the annealing treatments of electrodeposited CuInSe 2 films in a selenium atmosphere. Annealing treatments under Se pressure transformed these precursor films into largegrain CuInSe 2 films that had improved electronic properties. It was shown that these modifications 
74-76)
Various heat treatment conditions for this In alloy or semiconductor thin film formation are summarized in Table 8 .
Metal Diffusion during Electrodeposition
In the electrodeposition of an alloy compound, the interdiffusion of one metal to the other metal leads to the formation of different kinds of intermetallic compounds. Canegallo et al. [141] [142] [143] reported that indium electrodeposition on bismuth cathodes at a constant current density gave rise to the formation of three intermetallic compounds. These compounds were formed as a result of indium diffusion and reaction inside the Bi electrode. At medium to low current densities, the surface was coated with an InBi intermetallic compound; at higher current densities, with In 2 Bi, and at the highest current densities, with In. In the results of more accurate investigations of these compounds' composition and structure, the formation of the third intermetallic compound, In 5 Bi 3 could be seen.
Huang et al. 135) reported the electrodeposition of indium on copper in an acidic sulfate solution. They proposed a hypothesis that involved CuIn alloy formation and CuIn interdiffusion. They used Cu seed substrates which were deposited by physical vapor deposition ((100)Si/10 nm TaN/10 nm Ta/30 nm Cu seed layer). A copper layer was plated onto the PVD Cu seed prior to the electrodeposition of indium. Based on the cyclic voltammograms, they suggested that most of the Cu could be alloyed with indium. Rapid interdiffusion was observed between the electroplated copper and indium, and a CuIn 2 alloy phase formed during the indium deposition at room temperature. While the alloy formation was believed to promote the conformal deposition of a few indium monolayers, the rapid interdiffusion counterbalanced the indium deposition and lowered the indium content at the surface.
Mengoli et al. 137) and an antimony metal substrate.
140) The electrodepositions of Sb on Fe were carried out from electroplating baths with or without the surface-active agent, Trilon B.
137) The indium layers on the Sb substrates annealed at 40-135 o C had a three- layer structure of In/InSb/Sb from the surface to the bulk. The formation of InSb was due to the diffusion of indium into the bulk of the cathode (Sb) and to the reaction with antimony. They determined the diffusion coefficient of indium in InSb as a function of the time following indium deposition and of the annealing temperature. They also studied the influence of the type of Sb substrate on the diffusion coefficient of indium in the alloy. The values of D at the different temperatures used and on the different Sb substrates are presented in Table 9 .
Properties of Electrodeposited Thin Films as Related to Electrodeposition Parameters
Many researchers have studied the effects of applied potentials or currents. Bhattacharya et al. 52) analyzed InSe films using EPMA (electron microprobe analysis). Their results showed that InSe-deposited films obtained at −0.9 V vs. SCE were In 1.80 Se 3 and that the InSe films at −1.1 V were In 1.92 Se 3 . At potentials lower than −0.9 V, the films were Se-rich, and at potentials higher than −1.1 V, the films were In-rich.
Pern et al. 63) achieved the fabrication of polycrystalline thin films of CuInSe 2 on molybdenum-coated alumina substrates via a simple one-step electrodeposition. The composition of the electrodeposited thin films showed a slight dependence on the deposition potential. As the potential decreased from −0.55 V to −0.75 V vs. SCE, the indium content gradually increased.
In the potentiostatic deposition of CuInSe films performed by Ueno et al., 64) it was observed that (i) a CuInSe 2 film with a composition close to the stoichiometric ratio was exclusively deposited at −0.8 V vs. SCE, (ii) a positive shift in the potential was responsible for the codeposition of the Cu 3 Se 2 phase, and (iii) a negative shift led to contamination by metallic indium.
Guillén and Herrero 65, 66) reported that the composition of electrodeposited CuInSe 2 thin film was strongly determined by the applied deposition potential. As the deposition potential became more anodic, the copper and selenium content increased. With greater film thickness, the film composition became uniform and the Cu/In ratio approached 1. Films prepared at −0.6 V vs. SCE showed a direct optical transition, and the measured band gap energy was 0.99± 0.22 eV.
The preparation of CI(G)S is usually carried out under acidic condition less than pH 2, however several studies with uses of complex agents have been carried out at the pH higher than 4. The potentiostatic deposition of a CuInSe 2 system was investigated by Ganchev et al. 61) The electrodeposition was carried out in a 4 M KSCN solution in a potential range of −0.7 V to −1 V vs. SCE. CuInSe 2 thin films deposited at −0.8 V had the closest stoichiometric composition. In a pH range of 4-5, the deposition rate decreased sharply but the obtained films were smooth, dense, and homogeneous. Arauzo et al. 89) performed electrochemical growth of CuInSe 2 films in alkaline medium of pH 8.5. To avoid the formation of elemental Cu and In, diethylenetriamine was used as a complexing agent. The use of diethylenetriamine brought the copper reduction potential near the deposition potential of indium. The analysis of the films revealed the stoichiometric formula Cu 2.40 In 1.00 Se 3.40 with an excess of CuSe and an additional phase attributed to In 2 O 3 was also detected.
Bhattacharya et at. Gujar et al. 153) prepared CuInSe 2 thin films by electrodeposition at constant potentials from −600 to −1000 mV vs. Ag/AgCl for 20 min without stirring. The CuInSe 2 films deposited at a lower deposition potential were found to possess a well-defined compact dendrite structure with a size of ~400 nm, while higher cathodic potentials beyond −700 mV led to porous deposits. The Cu/In/Se ratio of the electrodeposited CuInSe 2 thin films was determined to be near 1:1:2 at −700 mV vs. Ag/AgCl.
Chassaing et al. 91) carried out one-step electrodeposition of CuInSe 2 potentiostatically. With an applied potential of −0.9V vs. MSE, the Se/Cu ratio was 1.9 and the In/Cu ratio was 0.9.
The deposition of CuInSe 2 layers onto CdS layers was carried out potentiostatically 84) . The applied deposition potential was varied between −1.10 and −1.00 V vs. MSE. Variations of the deposition potential within 0.1 V changed the defect structure of the CIS layers and influenced the interdiffusion of cadmium and sulfur from the CdS window into the CIS absorber layer.
CuInGaSe 2 nanowires were electrodeposited potentiostatically into AAMs (anodic alumina membrane) from aqueous solutions containing Cu 2+ , In 3+ , Ga 3+ , and Se 4+ at room temperature for 1 h. 105) Electrodeposition was performed at a constant potential varying from −0.605 V to −1.05 V vs. NHE. The deposited film, whose composition of Cu 0.203 In 0.153 Ga 0.131 Se 0.513 is quite close to the stoichiometric composition, was formed at −0.905 V vs. NHE. These nanowires displayed a cathodic photocurrent and an optical band gap of 1.55 eV.
Sahu et al. 131) reported that reproducible and stoichiometric CuInSe 2 films were obtained at a constant current density of 6 mA cm −2 . The color of the deposit obtained at that current density was black, while the colors obtained at a higher and lower current density were white and blue, and brown, respectively.
Garg et al. 133) studied the formation of thin films of copper indium sulfoselenide (CuInS x Se 2−x ) using the galvanostatic deposition technique. The pH level of the bath solution was greater than 9. It was observed that an increase in the current density to more than 1.4 mA cm −2 or a concentration of sodium thiosulfate above 0.4 mM (chalcogen atomic ratio S/Se 0.25) resulted into less adherent and powdery films.
The codeposition of CuIn 1−x Ga x Se 2 on Mo glass was performed by Fu et al. 103) They investigated the electrochemical kinetic behavior of each ion at the metalsolution interface, using electrochemical impedance spectroscopy (EIS). The electrodeposition of CuIn 1−x Ga x Se 2 was strongly influenced by the structure of the electrical double layer existing between the substrate and the electrolyte with different concentrations of Ga
3+
. With an increase in the electrodeposition time, the kinetic behavior of this deposition system was gradually dominated by the diffusion process, rather than the charge-transfer process. They concluded that the electrodeposition time and the concentration of Ga 3+ were the main parameters governing the growth of the CIGS thin film by electrodeposition.
The antimony content of InSb alloy deposited from citrate complexes of antimony and indium increased with an increase in temperature at constant currents of 1-4 A/dm 2 . In this current density range, the brightness of the deposits depended on the temperature and the solution pH.
127)
Fernández Valverde et al. [81] [82] [83] prepared thin films of p-CuInSe 2 that were modified with selenium and ruthenium (CuInSe x and CuInSe x Ru y ). These modified films induced an excess surface charge that enhanced the cathodic photocurrent in a sulfuric acid solution. The increased photocurrent of both Se-and Ru-modified CuInSe 2 films was attributed to the hydrogen evolution reaction and also to a photodegradation process.
82) The Ru films deposited on the CuInSe 2 prevented semiconductor corrosion in acidic media and enhanced the photoelectrochemical response.
83)
Conclusions and Outlook
Many researchers have fabricated indium alloys by means of one-step potentiostatic deposition. In this case, it is very important to control the deposition parameters, such as the bath composition, the deposition potential or current density, the pH of the bath solution, and post-treatment due to their influence on the film's properties and quality. The composition of an alloy thin film strongly depends on the deposition potential (or current) and the composition of the bath. In the preparation of indium alloys, as the cathodic deposition potential increased in a negative direction or as the current density increased, the percentage of indium in the deposit increased, because indium generally was not nobler than the other metals in the deposit alloys. The addition of a complexing agent shifted the metal deposition potential in a more negative direction. Thermal treatment has also been found to influence the alloy structure, surface morphology, and properties of alloys. Efficient electrodeposition conditions for the formation of alloys that contain indium have yet to be developed for the successful realization of indium-containing materials, especially for CIGS solar cells. The summaries of the data presented in the nine tables in this article may be helpful in designing the desired experimental conditions to prepare a targeted alloy that contains indium.
